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When p-aminothiophenol (PATP) is used as a probe molecule
and adsorbs on silver and gold nanogaps, a significant change of
relative SERS intensities can be observed. Our DFT calculations
show that surface photocatalytic coupling reactions yield a new
surface species of p,p0-dimercaptoazobenzene (DMAB) causing
the significant change in the SERS spectra.
The localized surface plasmon resonance coupling with some
nanostructures, such as a tip end with high curvature and
nanogaps (Scheme 1) can concentrate incident light energy at
specific surface sites, i.e., so-called ‘‘hot spots’’, resulting in
significantly enhanced Raman signals of Surface-enhanced
Raman spectroscopy (SERS) from molecules adsorbed there.1–3
Even though the physical enhancement can significantly amplify
the absolute Raman signals of vibrational modes with same
irreducible representations, the change of their relative Raman
intensities mainly arises from the chemical enhancement.
p-Aminothiophenol (PATP, or p-mercaptoaniline) has been
widely used as a SERS probe molecule and for forming a surface
self-assembled monolayer, but the enhancement mechanism and
surface adsorption structures are still unclear.4–6 In SERS spectra
of PATP adsorbed on metal surfaces, three intense peaks
observed at 1142, 1392, and 1439 cm1 significantly depend on
the experimental conditions.4,7 The Raman bands assigned to the
b2 modes were found to be significantly enhanced, even stronger
than that of the a1 modes.
4,7–10 Numerous SERS reports
of this molecule proposed that the signal enhancement should
arise from the chemical enhancement effects, such as the photon-
driven charge transfer (CT) mechanism, tautomerization of
benzenoid and quinonoid states, or the charge tunneling
enhancement mechanism.4,6,8–15
A theoretical study on SERS mechanisms plays an
important role in understanding the influences of different
factors on Raman intensities of adsorbed molecules. Recently,
our density functional theory (DFT) calculations showed that
PATP can be chemically transformed to p,p0-dimercaptoazo-
benzene (DMAB) on silver nanoparticle surfaces.16 Mean-
while, this study also showed that there is no fundamental
frequency in PATP related to the observed intense b2 peaks.
Although recent reports support our idea, there are different
interpretations to the observed spectra.17,18 This inspires us to
make a clear understanding of the surface adsorption states of
the SERS probe molecule in silver and gold nanogaps.
To understand the change of Raman spectra, the metallic
cluster model combining with DFT calculations (see the
details in ESIw) was used to build the adsorption structure
and to calculate Raman spectra of PATP and DMAB in a
nanogap between silver (gold) nanoparticles and metal
electrodes. As shown in Scheme 1d, we designed two kinds of
cluster models to simulate the surface Raman spectra of PATP
on a metal surface and in the nanogap of silver and gold,
respectively. Both molecules are bidentate ligands, one of which
is the S-end coordinated to a metal cluster by a strong
chemisorption S–Ag(Au) bond at the bridge site, while the other
is the amino group attached to a metal cluster in a sandwich
structure (see Scheme 1d), respectively. For the amino group, our
previous studies showed that the metallic clusters binding to the
lone-paired orbital of nitrogen must be able to provide a
matching unoccupied orbital, which is available to mimic the
chemical bonding between metal surfaces and adsorbates.19,20
Scheme 1 Possible configurations of metal nanogaps from (a) the
coupling between metal nanoparticles; (b) the coupling between metal
nanoelectrodes in mechanically controllable break junction; and (c) the
coupling between a nanoscale tip and a smooth plane; (d) metallic cluster
models for DFT simulations of a di-substituted molecule embodied in a
nanogap (M5–PATP–M4 and M5–DMAB–M5, MQAg and Au). Here
thiol and amino groups bind to M5 and M4 clusters, respectively.
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This propensity is the basis to reliably establish the binding
model between metallic clusters and the amino group of PATP.
Fig. 1A and C present simulated Raman spectra of PATP
interacting with Ag5 and Au5 clusters through thiol sulfur. The
spectra are similar to the observed spectra on silver and gold
nanoparticles.12,21 For PATP adsorbed on silver and gold
clusters, there are three characteristic SERS bands at
B1070, B1182 and B1605 cm1.12,16 On the basis of our
vibrational analysis, these bands can be attributed to the
mixed mode from the C–C stretching and the C–S stretching,
the C–H in-plane bending vibration, and the parallel C–C
stretching vibration, respectively. In the low frequency region,
there is a relative intense Raman peak at B380 cm1, which
can be assigned to the C–S stretching vibration.
Fig. 1B and D present simulated Raman spectra of
PATP interacting with silver and gold clusters in double-end
configurations. Compared to the single-end case, the
vibrational frequency shifts in both complexes are small in
the high frequency region, but their relative Raman intensities
significantly change in the region close to B1000 cm1. When
PATP interacts through the amino group with both Ag4 and
Au4 clusters, there is a new intense Raman peak at 942 cm
1
for silver and 1017 cm1 for gold. The peaks can be attributed
to the wagging vibration of the NH2 group. Their Raman
activities increase from 111.4 and 94.1 Å4 amu1 in PATP–M5
(M = Ag and Au) to 184.3 Å4 amu1 in Ag5–PATP–Ag4 and
436.6 Å4 amu1 in Au5–PATP–Au4. Accordingly, we can
estimate that the Raman intensity of the wagging mode is
enhanced by about 40 fold with respect to the free PATP
(9.8 Å4 amu1). The significant enhancement can be inter-
preted by the conversion between the sp2 and sp3 hybridization
in the vibrational period along the wagging mode.
The formation of photon-driven CT states directly
influences the relative Raman intensity of adsorbed molecules.
Fig. 2 presents molecular orbital plots of PATP and DMAB
interaction with silver and gold clusters involved in photon-
driven CT processes. Here we only consider the low-lying CT
states with the excitation energy less than the interband
transition energy of silver and gold. As shown in Fig. 2, there
are similar excited states for PATP–Ag5 and PATP–Au5
complexes. The first singlet excited (S1) state of PATP–Ag5
arises from the p bonding orbital to the silver 5s antibonding
orbital and has an excitation energy of 2.36 eV with an
oscillator strength of 0.0115. This CT direction is different
from the experimental observation.4 For PATP–Au5, the low-
lying CT state (S1) predicted has an excitation energy of
2.06 eV with a very small oscillator strength of 0.0021.
Another low-lying CT state (S2: Ex = 2.55 eV and f =
0.0581) has a similar transition assignment, but its excitation
energy locates in the region of interband transitions of gold.
Thus, the SERS feature should be similar to its non-resonance
Raman spectrum. It is worth to note that from our TD-DFT
calculation the CT state from metal to molecule has an energy
higher than 3.10 eV. This indicates that it is difficult to observe
the CT mechanism contributing to Raman signals of PATP
adsorbed on silver and gold in SERS measurements.
The directions of their low-lying CT states in (1) Ag5–PATP–
Ag4 and (2) Au5–PATP–Au4 are from molecule to metals in
the present calculations. Their transition energies of the CT
states are higher than 2.4 eV when PATP binds to two gold
(or silver) clusters. Similar to the single-end case, our TD-DFT
calculations did not predict any metal-to-molecule CT state
with the excitation energy below 3.0 eV.
From the above analysis, it was seen that the b2 modes do
not exhibit intense Raman signals. We have two evidences to
prove that the intense SERS peaks observed at 1142, 1392, and
1439 cm1 should not arise from adsorbed PATP molecules.
First, there is only one fundamental in the region of
1340–1460 cm1 for PATP interacting with silver and gold.
Therefore, one of the two bands of 1390 and 1430 cm1 should
not be a fundamental and arise from the other surface species.
Thus, the CT mechanism is impossible to enhance its Raman
intensity. Second, the photon-driven CT direction predicted by
our DFT calculation is opposite to that proposed on the basis
of experimental observations. But our DFT prediction agrees
well with previous theoretical works.22,23 In our recent study,
we assigned the intense SERS peaks to a new surface species of
DMAB, which was evidenced from SERS of our synthesised
DMAB on silver electrodes.21 In the next section we further
show that the SERS peaks from DMAB depend on the azo
C–NQN–C functional group.
Fig. 1 Simulated non-resonance Raman spectra of PATP binding to
silver and gold clusters calculated at the B3LYP/6-311+G**/
LANL2DZ level. (A) PATP–Ag5; (B) Ag5–PATP–Ag4; (C)
PATP–Au5; (D) Au5–PATP–Au4. The excitation wavelength of
632.8 nm and the linewidth of 10 cm1 in the Lorentzian line shape
were used to calculate the Raman spectra.
Fig. 2 Molecular orbital plots of PATP and DMAB interacting with
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Fig. 3A and C present simulated frequency-independent
Raman spectra of Ag5–DMAB–Ag5 and Au5–DMAB–Au5.
The simulated Raman spectra show that there are 7 intense
Raman fundamentals, respectively, located at 1068, 1125,
1187, 1388, 1428, 1463 and 1582 cm1. Among these peaks,
the 1081, 1187, and 1575 cm1 bands are similar to the bands
in PATP but have an Ag irreducible representation. The three
peaks predicted at 1125, 1388, and 1428 cm1 can be assigned
to the C–N symmetric stretching vibration, the two coupling
vibrations from the NQN stretching and the C–H in-plane
bending coordinates. It is obvious that the latter three vibra-
tional modes display very strong Raman signals related to the
azo C–NQN–C functional group.
Fig. 3B and D present frequency-dependent pre-resonance
Raman spectra. We firstly predicted the low-lying excited
states, which show CT directions from metal to molecule for
DMAB interacting with Ag5 and Au5 clusters, respectively. As
shown in Fig. 2, the main transitions with large oscillator
strengths are from a mixed excitation of the metal-to-molecule
(155 and 156 - 159 for Ag; 155 and 156 - 161 for Au) and
p - p* in DMAB itself (157 - 159 for Ag; 157 - 161 for
Au). Their excitation energies are Ex = 2.21 eV for Ag and
Ex = 2.12 eV for Au with oscillator strengths of f = 0.3326
and f = 0.2482, respectively. Since there are the large oscillator
strengths for both excited states, we used the CPHF-PW91P91
approach to predict their pre-resonance Raman spectra by
only adopting the excitation wavelength of 785 nm corres-
ponding to about 1.57 eV. Its energy is about 0.6 eV lower
than that of the CT excited states. Even though there is such a
large energy gap, there is a significant contribution from the
pre-resonance enhancement effect to the C–N stretching and
the NQN stretching vibrations, as shown in Fig. 3B and D. If
we further decrease the Raman excitation wavelength to 700 nm,
corresponding to 1.78 eV, the ratios between pre-resonance
and non-resonance Raman intensities of the same mode were
enhanced to more than 20-fold in Ag5–DMAB–Ag5 and
Au5–DMAB–Au5. The above mentioned results show that
the latter three vibrations are Raman active for DMAB.
Therefore, our DFT result proposed that the intensely
observed SERS bands for PATP adsorbed on silver and gold
nanogaps should be from DMAB. The pre-resonance
enhancement effects from the metal-to-molecule CT and
DMAB itself contribute to the SERS signals of these three
vibrational modes.
In summary, the work presents further theoretical studies on
SERS of PATP and DMAB embodied in silver and gold
nanogaps. Our results show that the experimentally observed
SERS spectra with abnormal enhancement Raman peaks
should arise from an aromatic azo DMAB molecule yielded
from the surface photocatalytic coupling reaction of PATP on
silver and gold. Since the abnormal intense Raman peaks can
be observed experimentally at not only silver and gold but also
copper and cobalt nanostructured surfaces, this should be a
general chemical activity of aromatic compounds containing
the amine group on noble metal surfaces.
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Fig. 3 Simulated Raman spectra of DMAB interacting with silver
and gold clusters calculated at the PW91PW91/6-311+G**/
LANL2DZ level. (A) and (B) Ag5–DMAB–Ag5; (C) and (D) Au5–
DMAB–Au5. Their difference between A(C) and B(D) is that
simulated Raman spectra were calculated at frequency-independent
(A and C) or dependent (B and D) cases, respectively. The excitation
wavelength used here is 785 nm.
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